Nanomaterial production is expanding as new industrial and consumer applications are introduced. Nevertheless, the impacts of exposure to these compounds are not fully realized. The present study was designed to determine whether gestational nanosized titanium dioxide exposure impacts cardiac and metabolic function of developing progeny. Pregnant Sprague-Dawley rats were exposed to nano-aerosols (~10 mg/m 3 , 130-to 150-nm count median aerodynamic diameter) for 7-8 nonconsecutive days, beginning at gestational day 5-6. Physiological and bioenergetic effects on heart function and cardiomyocytes across three time points, fetal (gestational day 20), neonatal (4 -10 days), and young adult (6 -12 wk), were evaluated. Functional analysis utilizing echocardiography, speckle-tracking based strain, and cardiomyocyte contractility, coupled with mitochondrial energetics, revealed effects of nano-exposure. Maternal exposed progeny demonstrated a decrease in E-and A-wave velocities, with a 15% higher E-to-A ratio than controls. Myocytes isolated from exposed animals exhibited~30% decrease in total contractility, departure velocity, and area of contraction. Bioenergetic analysis revealed a significant increase in proton leak across all ages, accompanied by decreases in metabolic function, including basal respiration, maximal respiration, and spare capacity. Finally, electron transport chain complex I and IV activities were negatively impacted in the exposed group, which may be linked to a metabolic shift. Molecular data suggest that an increase in fatty acid metabolism, uncoupling, and cellular stress proteins may be associated with functional deficits of the heart. In conclusion, gestational nano-exposure significantly impairs the functional capabilities of the heart through cardiomyocyte impairment, which is associated with mitochondrial dysfunction.
NEW & NOTEWORTHY Cardiac function is evaluated, for the first time, in progeny following maternal nanomaterial inhalation. The findings indicate that exposure to nano-sized titanium dioxide (nano-TiO2) during gestation negatively impacts cardiac function and mito-chondrial respiration and bioenergetics. We conclude that maternal nano-TiO2 inhalation contributes to adverse cardiovascular health effects, lasting into adulthood.
Listen to this article's corresponding podcast at https://ajpheart. podbean.com/e/gestational-nanomaterial-exposure-and-cardiacdysfunction/. nanomaterials; cardiac dysfunction; pregnancy; mitochondria GROWING PRODUCTION, distribution, and use of engineered nanomaterials (ENMs) necessitates more thorough evaluations of the physiological effects that exposure to these ENMs induces. One of the most widely used ENM in the world is titanium dioxide (nano-TiO 2 ): in 2006, 40,000 metric tons of nano-TiO 2 were estimated to be produced domestically, with 2015 projections reaching as high as 260,000 metric tons (43) . Specifically, it is well accepted that inhaled ENMs can interact in one of three ways: an acute inflammatory response, direct translocation, and through the autonomous nervous system in the lungs (19) ; the link between pulmonary exposure and extrapulmonary effects provides a picturesque example of the complications that may arise when trying to decipher a prominent mechanism for nano-TiO 2 toxicity.
In the heart, it has been shown that, through pulmonary exposure (15, 36, 57) , intravenous administration (30) , and orally (16) , ENMs can affect cardiac function, although this is not without disagreement (8, 20) . Nano-TiO 2 accumulation in cardiac tissue has been demonstrated to increase edema and apoptosis during embryonic development (37, 64) . In adult exposures, nano-TiO 2 causes a decrease in bioenergetics, increase in inflammatory signaling, and DNA damage (15, 16, 67) . While measures of direct interaction between an organism and nano-TiO 2 have revealed much about cardiac dysregulation, very little has been shown regarding the mechanisms affecting cardiac tissue of gestational-exposed progeny (22) . Recent studies have demonstrated a role for diesel exhaust particulate matter air pollution in causing negative cardiac implications in progeny from maternal exposures (18, 58, 59) , but no study has focused specifically on the longitudinal effects of a single, characterized ENM on cardiac function.
Although many extrapulmonary effects are well recognized, in vivo cardiac functional impacts are less commonly identified as toxicological end points, making investigation into the effects essential for expanding our knowledge. Studies have examined the effects of directly placing TiO 2 nanoparticles on cardiomyocytes in vitro. These studies have concluded that high enough concentrations of nano-TiO 2 (Ͼ10 g/ml) can directly affect the functionality of cardiomyocytes, including measures of shortening, relengthening, and amplitude of contraction (26, 46) ; decreased functionality remained consistent across varying frequencies of contractions. Previous work has examined the cardiac bioenergetics from young adult Sprague-Dawley rats exposed during gestation to nano-TiO 2 ; this study demonstrated that state 3 and 4 respiration was significantly altered (54) , providing the rationale for defining the specific impacts on cardiomyocyte bioenergetics more closely.
Recent literature has examined how ENM exposure can affect the in utero environment. Maternal nano-TiO 2 inhalation disrupts uterine microvascular function and creates a hostile gestational environment for development (51) ; furthermore, intravenous injection of carbon nanotubes has been shown to translocate to the placenta, resulting in fetal deformities and lower progeny yields (7, 23, 42) . With known physiological impacts to the developing fetus following ENM exposure, the need for an initial understanding of the cardiac consequences resulting from changes within the in utero environment is crucial. Ultimately, this understanding could have profound effects, including the following: ENM exposure standards for pregnant women, defining kinetics of nanoparticles across the placental barrier, and outlining mechanisms affecting cardiac/ mitochondrial development in exposed progeny. To determine how nano-TiO 2 could affect progeny, we subjected pregnant Sprague-Dawley rats to pulmonary exposure of nano-TiO 2 throughout gestation. These exposures allowed for measurement across three critical developmental points: fetal, neonatal, and young adult. To date, no study has examined cardiomyocyte function following gestational exposure to ENMs. We hypothesized that maternal nano-TiO 2 exposure would negatively impact cardiac function and cardiomyocyte bioenergetics compared with air-exposed progeny. Our results provide evidence that gestational exposure to nano-TiO 2 significantly affects the heart and cardiomyocyte function of progeny. Furthermore, changes in mitochondrial respiratory capacity, coupled with decreasing mitochondrial complex activity, provide a potential mechanism for the observed functional deficits.
METHODS

Animal Model
The experiments in this study conformed to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (8th Ed.) and were approved by the West Virginia University Animal Care and Use Committee. Sprague-Dawley rats (250 -275 g female; 300 -325 g male) were purchased from Hilltop Laboratories (Scottsdale, PA). Rats were housed at the West Virginia University Health Sciences Center with food and water provided ad libitum. Rats were acclimated for at least 72 h before mating, as previously described (53) . At gestational day~6 (5.85, mean of exposure times), pregnant rats were exposed to nano-TiO 2, as described below.
Engineered Nanomaterial
Nano-TiO2 P25 powder, containing anatase (80%) and rutile (20%) TiO2, was purchased from Evonik (Aeroxide TiO2, Parsippany, NJ). Primary particle size was 21 nm, with a surface area of 48.08 m 2 /g (35, 44, 45) . Aerosolization by drying, sieving, and storing are described previously for nano-TiO 2 (27, 35) .
Inhalation Exposure
The design and use of the nanoparticle exposure system has been previously described (65) . Briefly, aerosol size was measured through both electrical low-pressure impactor (136.47 Ϯ 1.44 nm) ( Fig. 1A ) and scanning particle mobility sizer (134.80 Ϯ 1.24 nm) ( Fig. 1B) . Aerosol concentration of engineered TiO 2 was determined to be 10.35 Ϯ 0.13 mg/m 3 (Fig. 1C ). Average aerosol concentration was measured over a total of approximately eight exposures (7.79 Ϯ 0.26 days) to each of the 13 animals in the gestational nano-TiO 2 exposure group. The first exposure to nano-TiO2 was given on gestational daỹ 6, with the last exposure given 24 h before birth. Exposures consisted of 5 h/day treatments, with a calculated lung daily deposition of 43.8 Ϯ 1.2 g. Control animals were exposed to filtered air only. Calculation of total exposure volume has been previously described (29, 35, 41, 52) . To calculate the dose required to match the appro- Fig priate lung deposition paradigm for Sprague-Dawley rats, the formula D ϭ F ϫ V ϫ C ϫ T was used, where F is the deposition fraction (10%), V is the minute ventilation based on body weight, C equals the mass concentration (mg/m 3 ) and T equals the exposure duration (minutes).
Echocardiography-B-mode, M-mode, and Doppler Imaging
Nano-TiO2-exposed and control filtered-air young adult (6 -12 wk) Sprague-Dawley rats were used in analysis and, subsequently, for cardiomyocyte isolation. Anesthetization was performed similarly to that shown in James et al. (25) ; by slowly reducing the total isoflurane given, measurements were taken as the animal awakens, reducing the anesthetic-induced effect on cardiac function. B-mode, M-mode echocardiograph, as well as Doppler imaging procedures, have been described previously in mice (48) , but with some adaptations, including the use of a lower frequency transducer (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) MHz instead of 32-55 MHz) and 3% isoflurane induction with sustained isoflurane at 1.5% or higher. Ultrasound images were taken using the Vevo 2100 Imaging System (Visual Sonics, Toronto, Canada). Briefly, ultrasound slightly left of the sternum, at the midpapillary layer, was used for long-axis B-mode imaging. Rotation 90°, perpendicular to the animal, allowed for short-axis B-mode images. B-mode procurement provided detailed information, such as area and ejection volume of the left ventricle (LV). Gating midway between the short-axis B-mode images allowed for acquisition of M-mode parameters. In M-mode, measures to determine the LV thickness (interventricular septal, inner, and posterior wall) were conducted on adjacent end-systolic and enddiastolic peaks in relation to LV trace analysis. Doppler echocardiography measured mitral valve function, E-and A-wave velocity, deceleration time, E-wave-to-A-wave ratio (E/A ratio), mitral valve area, etc. All ultrasound procedures were carried out by one imaging specialist, taken at a frame rate of 109 -284 frames/s. M-mode and Doppler echocardiography were examined using averaged values from at least three replicate analyses from each animal. All measures were completed by one analyst.
Stress Strain-Speckle Tracking
B-mode images, in both the short and long axis, were used for speckle-tracking-based strain analyses. Peak strain and strain rates were measured across radial, longitudinal, and circumferential dimensions. Speckle-tracking-based strain analysis has been described previously in mice (48) , with caveats for rat analyses mentioned above. Briefly, during each cardiac cycle, strain was measured as a function of total deformation length divided by the original length of a segment (3, 10, 38) . Displacement length, velocity, strain, and strain rate were measured in the endocardium over a minimum of three cycles. As previously described, short-axis images in the LV were split into anterior free, lateral, posterior, inferior free, posterior septum, and anterior septum, while long-axis was split into anterior base, anterior mid, anterior apex, posterior apex, posterior mid, and posterior base, as previously described (48) .
Cardiomyocyte Isolation
Fetal/neonatal. For the fetal time point, pregnant dams were euthanized, and pups were removed at gestational day 20 from the exposed and control rat uterus. For the neonatal time point, rats were killed at 4 -10 days postbirth. Animals at both time points were kept on ice during dissection. During cardiomyocyte isolation, pregnant rats were anesthetized using 5% isoflurane, with maintenance isoflurane levels sustained at 2.5%. Hearts were removed through a midsagittal cut in the thoracic cavity. Hearts were collected in groups of four to eight per litter, and atrial and ventricular appendages trimmed. Digestive solution included 2 mg pancreatin (Sigma Adrich, St. Louis, MO) and 2 mg of collagen type II (Worthington Biochemical, Lakewood, NJ), mixed with 2 ml of physiological 1ϫ ADS buffer (0.1 M NaCl, 1.2 mM NaH 2PO4, 0.8 mM MgSO4, 5.4 mM KCl, and 5 mM glucose at pH 7.4) per heart digested. Digestive solution was used to initially wash the hearts (15 min and discarded) and to begin separating single cells from the tissue (3-4 washes at 22 min each, which were saved). After each saved digestion, the supernatant was removed from the tissue debris and centrifuged at 1,000 rpm for 7 min. The supernatant was discarded, and 2 ml of newborn calf serum was added to the cell suspension and transferred to a 37°C incubator.
In a 15-ml conical tube, a Percoll gradient was made for separation of cardiomyocytes from other cells of the heart. The Percoll gradient (density ϭ 1.130 g/ml) was made of two layers: clear (top) and red (bottom) Percoll solutions. Four milliliters of top Percoll (density ϭ 1.059 g/ml, 90 ml Percoll stock ϩ 110 ml 1ϫ ADS buffer) were first added, followed by pipetting bottom Percoll (density ϭ 1.082 g/ml, 130 ml Percoll stock ϩ 70 ml 1ϫ ADS buffer with phenyl red) below the first solution. After all cell collection steps, cells were centrifuged at 1,000 rpm and resuspended in 2 ml of 1ϫ ADS buffer, per five hearts, which was added to the top of the Percoll gradient. Cells on top of the Percoll gradient were centrifuged at 3,000 rpm for 30 min, with 9-min acceleration and deceleration time. Cells were then extracted from the middle layer, washed with newborn calf serum, and placed in plating media (with fetal bovine serum). Two hours after placing in plating media, cells were exchanged to maintenance media (no fetal bovine serum) and media was changed every 2 days. Cells were counted using a hemocytometer.
Adult. Young adult rats were anesthetized using 5% isoflurane. The isolation procedure was adapted from Xu and Colecraft (61) . Briefly, hearts were removed, rinsed in physiological salt solution, and suspended on a Langendorff perfusion system, with retrograde flow through the aorta. Enzymatic digestion with 20 mg collagen type II (Worthington Biochemical, Lakewood, NJ), 10 mg neutral protease (Worthington Biochemical, Lakewood, NJ), 20 mg carnitine (Sigma Aldrich), 25 mg 2,3-butanedione monoxime (Sigma Aldrich), 31 mg taurine (Sigma Aldrich), 20 mg glutamine (Sigma Aldrich), and 1.25 l of 1 M CaCl 2 in 50 ml of buffer A. After digestion (total calcium concentration added 0.6 mM), gravimetric separation of cells was performed with continual calcium loading during the three wash steps. Cells were counted using hemocytometer.
Cardiomyocyte Contractility
A video-based edge detection system (Ionoptix, Westwood, MA) was used to assess contractility of cardiomyocytes. Phase-contrast microscopy coupled with Ionoptix software was used to track cardiomyocyte dimensions. Cells were placed in contractility buffer (50.55 mg 2,3-butanedione monoxime, 8.82 mg CaCl2, 119.5 mg HEPES, 10.16 mg MgCl2, 394.47 mg NaCl, 90.075 mg glucose, 14.91 mg KCl, and 2.276 mg NaH2PO4) and then diluted 10:1 with contractility buffer from the original cell suspension. Field stimulation at 0.5 Hz at 10 V was used for all measures. Dynamic measures taken included departure velocity, peak height, peak height percentage to baseline, return velocity, 10 and 90% time to shortening, 10 and 90% time to relengthening, area of departure, area of return, and retention of baseline. Cells included in the study matched the following specific criteria: 1) chosen based on the best morphology compared with others within the field (striations, no blebbing); and 2) cells sustain consistent contractions for at least 60 s. For reference, Ye et al. (63) provides more detailed parameters of the contractile apparatus.
Cardiomyocyte Mitochondrial Bioenergetics
Isolated cardiomyocytes were plated on XF96 V3 cell culture microplates, using the Seahorse XF96 for analysis (Agilent Technologies, Santa Clara, CA). Measurements were taken 24 -48 h after plating cardiomyocytes. Concentrations of fetal and neonatal cells ranged from 35,000 to 85,000 per well. Adult cardiomyocytes, due to slight variation in cell viability and time before analysis for each sample, were not normalized based on cell number, but rather on basal respiration between groups. Replicates were generally performed in sets of five to six. Yoshida et al. (66) provides a comprehensive overview of the Seahorse applications. Briefly, oxygen consumption rate, extracellular acidification rate, and proton production rate were measured using oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, antimycin A, and rotenone. Measures of mitochondrial respiration included ATP production, proton leak, basal respiration, maximal respiration, and spare capacity.
Electron Transport Chain Complex Activities
Electron transport chain (ETC) complexes I, III, IV (11, 12) and V (ATP synthase) activities were measured as previously described (9), with minor modifications. Briefly, cardiomyocytes from young adult animals were treated with RIPA buffer (Life Technologies, Grand Island, NY). A Bradford assay was carried out on each sample to provide a basis for normalization to protein content. Activity was measured in complex I (reduction of decyclubiquinone), complex III (reduction of cytochrome c), complex IV (oxidation of reduced cytochrome c), and complex V (pyruvate kinase and phosphoenolpyruvate and ATP production).
ETC Complex Protein Expression
Blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed as previously described (56), with standardization to protein content through the Bradford method (4). Briefly, young adult cardiomyocytes were digested with RIPA buffer (Life Technologies, Grand Island, NY) and 40 g of protein were added to 1% digitonin on ice. Coomassie G-250 was added, and samples were run on 4 -16% NativePAGE gels. Gels were placed in GelCode Blue Stain Reagent (Thermo Fisher, Rockford, IL) to fix bands for representation, followed by washes until the desired background staining was removed. Densitometry was measured using Image J Software (NIH, Bethesda, MD). Complexes were identified using a 480-kDa ladder with criteria for identifying the molecular weight of each complex matching Wittig et al. (60) .
Quantitative PCR
RNA was isolated from fetal progeny hearts using the Vantage Total RNA Purification Kit (Origene), following the manufacturer's instructions. RNA was then converted to cDNA for quantitative PCR (qPCR) analysis using the cDNA Synthesis Kit for micro-RNA (product no.: HP100042, Origene), following the manufacturer's instructions. cDNA was used to assess three markers: peroxisome proliferator-activated receptor-␥ (PPAR-␥) (product no.: Rn00440945_m1, Thermo Fisher), carnitine palmitoyltransferase I (CPT1A) (product no.: Rn00580702_m1, Thermo Fisher), and uncoupling protein 2 (UCP2) (product no.: Rn01754856_m1, Thermo Fisher). Samples were standardized to GAPDH (product no.: Rn01775763_g1, Thermo Fisher). Experiments were conducted on the Applied Biosystems 7900HT Fast Real-Time PCR system (Applied Biosystems, Foster City, CA), in a total reaction volume of 20 l with TaqMan 2X Universal PCR Master Mix (Applied Biosystems).
Western Blot Analyses
Twelve-well, 4 -12% gradient gels were used in SDS-PAGE, as previously described (3, 4, 6, 11, 12, 28, 29) , with modifications. Briefly, cardiomyocytes from the young adult group were used in all protein quantification, with the Bradford method being employed to standardize protein concentration using bovine serum albumin (4) . Primary antibodies used in the study included the following: antiadenine nucleotide translocase (product no.: sc-9300, Santa Cruz Biotechnology, Dallas, TX), anti-apoptotic protease activating factor 1 (APAF-1) (product no.: ab2000, Abcam, Cambridge, MA), anti-Bcell lymphoma 2 (Bcl-2)-like protein 4 (BAX) (product no.: ab32503, Abcam), anti-BCL-2 (product no.: sc-7382, Santa Cruz Biotechnology), anti-histone 3 lysine 4 trimethylation (H3K4me3) (product no.: G.532.8, Thermo Fisher), anti-histone 3 lysine 27 trimethylation (H3K27me3) (product no.: G.299.10, Thermo Fisher), anti-GAPDH (product no.: ab8245, Abcam), anti-histone deacetylase 6 (product no.: ab61058, Abcam), anti-optic atrophy 1 (product no.: ab42364, Abcam), anti-pyruvate dehydrogenase (PDH) (product no. 2784; Cell Signaling Technology, Danvers, MA), anti-PDH E1-␣-subunit (phospho S293) (product no.: ab177461, Abcam), anti-PPAR-␣ (product no.: ab2779, Abcam), anti-UCP3 (product no.: ab3477, Abcam), anti-voltage-dependent anion channel (product no. 4866; Cell Signaling Technology). Secondary antibodies used included the following: goat anti-mouse IgG horseradish peroxidase (HRP) conjugate (product no. 31430; Pierce Biotechnology, Rockford, IL), goat anti-rabbit IgG HRP conjugate (product no. 10004301; Cayman Chemical, Ann Arbor, MI), and rabbit anti-goat IgG HRP conjugate (product no. 31402; Pierce Biotechnology). Standardization of protein levels for each blot were performed with both Ponceau S solution (Sigma Adrich) and the anti-GAPDH antibody. Pierce enhanced chemiluminescence Western blotting substrate (Pierce Biotechnology) was used to detect signal per manufacturer's instructions. G:Box Bioimaging system (Syngene, Frederick, MD) was used to detect signals, and data were captured using GeneSnap/GeneTools software (Syngene). Densitometry was analyzed using Image J Software (NIH, Bethesda, MD). All values were expressed as optical density with arbitrary units.
Statistics
A two-tailed Student's t-test was used to determine statistical significance between control and gestational nano-TiO 2-exposed groups. Differences between control and exposed groups were considered statistically trending (P ϭ 0.075-0.055, denoted by †), or statistically different (P Յ 0.05, denoted by *, and P Յ 0.01, denoted by **), unless explicitly stated otherwise. All data are presented as means Ϯ SE.
RESULTS
Echocardiography and Speckle-Tracking-Based Strain Analysis
Young adult animals (6 -12 wk) were assessed using a variety of ultrasound techniques to evaluate in vivo cardiac function. M-mode, measuring end-systolic and end-diastolic diameters and volumes, and B-mode, measuring the short-and long-axis diameter of the LV, are provided in Tables 1 and 2 , respectively. M-mode was found to have significant changes in the total mass of the LV between groups (P ϭ 0.033) and a trending difference in stroke volume (P ϭ 0.072). LV thick- ness was measured across end diastole and end systole for changes in interventricular septal, inner, and posterior wall thickness. Interventricular end-systole septal thickness showed a significant decrease (P ϭ 0.015) in the experimental group (Table 3 ). B-mode showed no changes between groups. Doppler echocardiography revealed differences in LV filling between the control and gestational nano-TiO 2 -exposed group (Fig. 2) ; this included differences in the velocities of both the E wave (P ϭ 0.025) ( Fig. 2A ) and the A wave (P ϭ 0.040) ( Fig. 2B) , with the experimental group showing a significant decrease in both velocities.
Also, even though both the E-and A-wave velocities were altered, the E/A ratio between groups was found to be higher in the experimental group (P ϭ 0.052). Control animals exhibited a normal E/A ratio (1.505), while the experimental group exhibited a higher ratio (1.813) (Fig. 2C ). This is represented by Fig. 2D , which depicts a control (left) and gestationalexposed (right) animal with E/A ratios similar to that of the average for each group. Other parameters were also measured, including mitral valve area (Fig. 2E) , and were not found to be significant. For the stress-strain analysis, only two parameters appeared to be altered during contraction of the LV: the long-axis systolic displacement and strain (Fig. 2, F and G) showed a significant (P ϭ 0.049) and trending (P ϭ 0.065) difference, respectively. These results demonstrate that maternal exposure can produce adverse effects in cardiac systolic and diastolic function, while also interfering with cardiac development.
Cardiomyocyte Contractility
To further delineate the cardiac outcomes of progeny predisposed to gestational nano-TiO 2 , cardiomyocyte contractile function was assessed. Cells were isolated from young adult rats in the control and experimental groups. Cardiomyocyte contractile function was decreased in the gestational-exposed compared with the control (Fig. 3 ). An assessment of decreasing function was demonstrated through changes in departure velocity, peak height, baseline percentage to peak height, and area under the contractile curve. Departure velocity was significantly decreased in the young adult group (P ϭ 0.0008) after gestational exposure (Fig. 3A ). In addition, the peak height of contraction was significantly decreased (P ϭ 0.0001) ( Fig. 3B) , with no differences observed in the resting baseline (P ϭ 0.73) (Fig. 3C ). The exposed group also exhibited a decreased baseline percentage to peak height (P ϭ 0.0003) ( Fig. 3D) . Lastly, total area of the contraction was shown to be significantly reduced in the exposed group compared with the control, both in area of departure (P ϭ 0.0001) and area of return (P ϭ 0.002) (Fig. 3, E and F) . Changes in return velocity, time to 90% peak, and time to 90% baseline were not significant. Two initial transients, one from both the control and experimental contractile data, are overlaid for a visual representation of differences in the contractile curves (Fig.  3G ); the departure velocity and peak height measurements are similar to the averages for each group. All measures were performed on the first contraction after stimulation, referred to further as the first transient. Second transient, or the second contractile peak, measures displayed a similar trend (data not shown). At least three cardiomyocytes were used per control or exposed litter. Attenuated responsiveness during stimulation in the maternal exposure model establish modifications to cardiomyocytes function, which remain into adulthood.
Mitochondrial Bioenergetics
To determine whether changes in contractility resulted from changes in cellular energetics that drive contractile function, the Seahorse XF96 was implemented to determine the effects of gestational nano-TiO 2 exposure on the bioenergetics of the growing progeny. Data from the Seahorse XF96 was compiled at three time points: fetal (gestational day 20), neonatal (4 -10 days postbirth), and young adult (6 -12 wk). The results indicated mitochondrial respiration dysfunction, with varying degrees of impairment across developmental stages (Fig. 4) . Fetal cardiomyocytes, seeded at a 65,000 cell density, showed a decrease in basal respiration (P ϭ 0.0001) ( Fig. 4A) and an increase in proton leak (P ϭ 0.003) in the experimental group. When cardiomyocytes were extracted from the neonatal hearts and seeded at a 55,000 cell density, effects on basal respiration diminished, but significant decreases in maximal respiration (P ϭ 0.0031) ( Fig. 4B ) and spare capacity (P ϭ 0.003) were observed within the nano-TiO 2 -exposed groups. Also, proton leak continued to show a significant increase in the exposed group (P ϭ 0.044). Because of slight variations in the recovery percentage of viable adult cardiomyocytes and limited cell viability in culture, normalization of the young adult group was processed differently than the fetal and neonatal groups.
Due to changes in basal respiration diminishing in the neonatal group, this parameter was used to normalize the young adult age group. Basal respiration normalization resulted in a significant increase in the proton leak in the experimental group (P ϭ 0.0072) (Fig. 4C ). Normalization to both maximal respiration and spare capacity also showed a significant increase in proton leak in the experimental group (data not shown). A depiction of the oxygen consumption rate, extracellular acidification rate, and proposed bioenergetics capacity for neonatal cardiomyocytes in the control and experimental groups are depicted in Fig. 4D to provide an example of the overall procedure. This experiment validates the sustained, longitudinal effects of gestational exposure to ENMs, highlighting changes occurring in the bioenergetics of the cardiomyocytes.
ETC Complex I, III, IV, and V Activities and Expression
To further target the molecular effects of gestational nano-TiO 2 exposure on bioenergetics, mitochondrial complex activities was measured on young adult cardiomyocytes. Trends were shown in both complex I (P ϭ 0.067) ( Fig. 5A ) and complex IV (P ϭ 0.056) ( Fig. 5B) , with as much as a 20% decrease in activity in the gestationalexposed group compared with the controls. Complex III and complex V (ATP synthase) showed no significant differences in activity between groups (Fig. 5, C and D) . Although trending differences, complex activity changes indicate potential lasting effects to the quantity, or function, of the mitochondrial ETC constituents. To determine whether a reduction in complex activity was due to a decrease in the expression level of the complexes, BN-PAGE was per- gestational TiO2-exposed (solid bars, n ϭ 20) animals at the young adult (6-12 wk) stage. A: velocity of E wave (P ϭ 0.025). B: velocity of A wave (P ϭ 0.04). C: E/A ratio (P ϭ 0.052). D: representative image of Doppler echocardiography for control (left) and exposed (right) animals. Images were chosen to represent the average E/A ratio for control (1.506 Ϯ 0.043) and exposed (1.813 Ϯ 0.140) animals during ultrasound. Other parameters of echocardiography were found to be insignificantly different. E: mitral valve area (P ϭ 0.16). Stressstrain analysis of systolic long-axis radial displacement (P ϭ 0.05; F) and radial strain (P ϭ 0.065; G) is shown. Values are means Ϯ SE.
†P ϭ 0.075-0.055. *P Յ 0.05.
formed. No significant changes were found in any of the major ETC complex expressions (Table 4) .
Metabolism and Cell Stress
To understand some of the molecular changes resulting from gestational nano-TiO 2 exposure to progeny, qPCR and Western blot analysis were used to probe changing mRNA and protein levels, respectively. At the fetal time point, mRNA of proteins contributing to proton leak and fatty acid metabolism was examined. For proton leak, qPCR of UCP2 revealed increased (P ϭ 0.006) mRNA levels in the experimental group compared with the control (Fig. 6A) , with qPCR of fatty acid metabolism constituents PPAR-␥ (P ϭ 0.039) and CPT1A (P ϭ 0.023) exhibiting a similar increase (Fig. 6, B and C) . Because molecular markers involving proton leak and fatty acid metabolism were changed in progeny at the fetal level of development, the next step was to evaluate protein expression in the young adult cardiomyocytes.
Subsequent experiments to measure changes in metabolism involved assessing PDH, which was found to be trending toward reduced expression (P ϭ 0.061) in the experimental group (Fig. 6D) , with activity of PDH, evaluated through phosphorylation at serine 293 (p-S293), found to be statistically insignificant. When comparing the fluorescence ratio of PDH p-S293 to PDH, the amount of p-S293 per PDH expression was higher in the experimental group, but not significantly (P ϭ 0.082). PPAR-␣ (Fig. 6E ) was found to be significantly increased (P ϭ 0.017). As an epigenetic evaluation of the proteome, H3K4me3 and H3K7me3 were used to assess global histone activation/deactivation patterns in the cells, respectively. H3K4me3 expression remained similar between groups (data not shown), while H3K27me3 (Fig. 6F) showed a significant, increased expression (P ϭ 0.045) in the experimental animals. Signals for cell stress were also evaluated. BAX, BCL-2, and optic atrophy 1 were found to be similarly expressed between groups (data not shown), whereas APAF-1 (Fig. 6G ) was found to be significantly increased (P ϭ 0.037) in the experimental group. Lastly, proton leak was further evaluated through voltage-dependent anion channel, adenine nucleotide translocase, and UCP3, showing no significant alterations between groups (data not shown). Changes in the vs. gestational TiO2-exposed (solid bars, n ϭ 42 cardiomyocytes from n ϭ 9 animals) cardiomyocytes at the young adult (6-12 wk) stage. A: departure velocity (P ϭ 0.0008). B: peak height (P ϭ 0.0001). C: baseline (P ϭ 0.73). D: baseline percentage to peak height (P ϭ 0.0003). E: area of departure (P ϭ 0.0001). F: area of return (P ϭ 0.0018). G: illustration of contractile properties from the control and exposed cardiomyocytes. Specific contractions were chosen to match the average departure velocity and peak height found in the controls (Ϫ315.446 Ϯ 18.611 m/s, 22.920 Ϯ 1.174 m) and the exposed (Ϫ227.054 Ϯ 17.268 m/s, 16.275 Ϯ 1.158 m) groups. Values are means Ϯ SE. **P Յ 0.01. epigenetic profile, metabolism, and mitochondrial stress of the experimental progeny demonstrate the implications of initial, as well as prolonged, effects of gestational nano-TiO 2 exposure.
DISCUSSION
Nanotechnology holds the potential to significantly improve the lives of people around the world through a wide range of applications, including tumor abolition (2) or delivery of medication (31) , but the risks associated with nanomaterial use must first be properly identified. The most widely manufactured nanomaterial in the world is TiO 2 , with up to 80% of its uses being involved in cosmetics and other personal care products (40) . The ratio of nano-TiO 2 -to-TiO 2 production continues to increase, with some predictions speculating total conversion of the market to nano-TiO 2 by 2025 (43) . With the growing interest in nano-TiO 2 applications in the consumer market, nanotoxicological work is needed to fully define the extent to which this ENM contributes to human health and safety. Nano-TiO 2 has demonstrated the potential to cause adverse health outcomes after exposure; what remains poorly understood is how nano-TiO 2 can interact through indirect, gestational exposure on growing progeny. More specifically, it is unclear as to how nano-TiO 2 impacts cardiac development and function.
The results of our study provide evidence that gestational nano-TiO 2 exposure can significantly affect the cardiac function of progeny, leading to a decreased functional capacity in both the whole heart and the cardiomyocyte. A mechanism for this dysfunction was illustrated through changes to cardiomyocyte bioenergetics after gestational exposure, which was then validated more specifically through mitochondrial complex activity, suggesting a role of nano-TiO 2 in decreasing cardiac function by the disruption of mitochondrial oxidative phosphorylation and respiration rates. The dose of nano-TiO 2 administered was calculated as a conservative estimate of ENM occupational exposure projected as 2.3-8.5 yr of human exposure in a manufacturing setting. This calculation represents the maximum estimated dose deposited in the lungs. Because variables such as age, mass, clearance, and health states are not Fig. 4 . Seahorse XFe96 measurement for oxygen consumption rate (OCR) at pmol/ min, for controls (open bars) vs. gestational TiO2-exposed (solid bars) cardiomyocytes at the fetal (gestational day 20), neonatal (4-10 days), and young adult (6-12 wk) stage. For all measures, an average of 65,000 cells were used for fetal measurements, 55,000 cells for neonatal, and the young adult group was normalized to basal respiration between the control and exposed groups. A: basal respiration rates, with a change observed between the fetal groups (P ϭ 0.013). B: proton leak across all three groups, changing in the fetal (P ϭ 0.0003), neonatal (P ϭ 0.045), and young adult (Pϭ 0.0072) groups. C: maximal respiration across all three groups, with changes in the neonatal group (P ϭ 0.003). D: neonatal cardiomyocyte OCR and extracellular acidification rate (ECAR) in the control (top) and experimental animals (bottom). Also, an illustration is shown of how values from the Seahorse analysis (basal respiration, maximal respiration, spare capacity, proton leak, etc.) are obtained using inhibitor agents, such as oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), antimycin A, and rotenone. Values are means Ϯ SE. Fetal n ϭ 5 control and n ϭ 3 exposed, neonatal n ϭ 4 control and n ϭ 5 exposed, and young adult n ϭ 5 control and n ϭ 5 exposed animals were used for analysis. FC, fetal control; FE, fetal exposed; NC, neonatal control; NE, neonatal exposed; AC, adult control; AE, adult exposed. *P Յ 0.05. **P Յ 0.01. part of the calculation; we consider this dose very relevant to occupational settings. The exposures were also carried out over multiple, nonconsecutive days to more appropriately simulate human exposures. Low nanomaterial lung deposition, extended time courses for dosing, and the use of an inhalation facility all support study observations that have a much higher potential of being attributable to true, physiological outcomes in humans and possessing repeatability across studies.
In vivo measurements, including M-mode, B-mode, Doppler echocardiography, and speckle-tracking-based strain analysis were taken to assess changes in contraction mechanics of the LV and the flow of blood through the mitral valve. In systole, radial strain and displacement of the LV walls were decreased in the experimental group, demonstrating initial signs of dysfunction in LV contraction mechanics. Decreasing radial strain and displacement during contraction of the LV is coupled with more overt measures of LV systolic function presented in the study, including a decreased interventricular end-systolic septal thickness and decreased total mass of the LV in the experimental group [with total mass falling into the lower percentile of normative values for Sprague-Dawley rats (39) ]. From this data, we conclude that gestational nano-TiO 2 exposure weakens the contractile properties of the heart, potentially leading to increased risk factors of heart disease in older age. This is also supported by the fact that a decreased stroke volume is also seen to be trending in the experimental group. By decreasing the size of the LV, the thickness of its contractile walls, and measures of systolic radial strain and displacement, the function of the heart becomes more susceptible to perturbation and may indicate early predictive signs of heart complications.
In diastole, a decrease in E-and A-wave velocity and an increase in total E/A ratio were observed in the experimental group. Studies have suggested that E/A ratios Ͼ 1.5 can indicate diastolic dysfunction (1, 21) , potentially leading to restrictive filling. Furthermore, the total decrease in both the Eand A-wave velocities seems to indicate that diastole is not only dysregulated through atrial pumping abnormalities (restrictive filling) but potentially through asymmetric, long-axis filling (33) . Changes in systolic and diastolic parameters demonstrate that the heart of gestational nano-TiO 2 -exposed progeny develops a maladaptive phenotype. These findings raised questions as to the link between the observed cardiac dysfunction and the potential contribution of the cellular contractile unit, the cardiomyocyte.
In cardiomyocytes, changes in the departure velocity, baseline percentage to peak height, and both the area of departure and return under the curve were detected (Fig. 3F ), although no changes were observed in other common parameters of cardiomyocyte contractility (time to peak 90% and time to baseline 90%). The changes found with cardiomyocyte contractility in the experimental group further support the hypothesis that gestational nano-TiO 2 exposure weakens the contractile properties of the heart. A reduced baseline percentage to peak height and length of contraction in cardiomyocytes could be responsible for the attenuation in systolic radial strain and displacement, with reduced contractility also supporting the presentation of restrictive, diastolic filling. The decreased area of contraction in the experimental group (ultimately leading to a diminished cardiac output) could also be linked to the decreasing stroke volume.
Changes in cardiomyocyte contractility have been observed in the presence of nano-TiO 2 , but these experiments have been through direct incubation with the nanoparticle. Exceeding 10 g/ml nano-TiO 2 concentrations, changes in the departure velocity, return velocity, and peak shortening were observed in the cardiomyocytes (26, 46) . Differences between the two approaches (direct application and gestational inhalation exposure) are that return velocity parameters remained unchanged in the present study. The speed of the return velocity is indicative of the effectiveness of calcium shuttling in the cytoplasm (5) . Primarily, calcium return to the endoplasmic reticulum from the cytoplasm is accomplished through sarco-(endo)plasmic reticulum Ca 2ϩ -ATPase pumps and Na ϩ /Ca 2ϩ transporters. Because return velocity remained constant across both groups, this provides an initial indication that cardiomyocyte dysfunction may not be the result of calcium handling, but rather a mechanism of bioenergetics and mitochondrial function. Values are averages Ϯ SE for each measure; n ϭ 3 control and n ϭ 4 gestational TiO2-exposed animals. Complex I (P ϭ 0.94), complex II (P ϭ 0.74), complex III (P ϭ 0.82), complex IV (P ϭ 0.5), and complex V (P ϭ 0.96) were evaluated and found to be statistically insignificant. Examining fetal/neonatal cardiomyocytes for changes in bioenergetics provided information on the longitudinal effects that gestational nano-TiO 2 exposure may produce on the development of cardiomyocytes, illuminating time points during development that may be more fragile to perturbation. During fetal exposure to nano-TiO 2 , substrate unavailability/increased cytoplasmic oxidation could provide the reasoning for decreased basal respiration of cells and ultimately compromised bioenergetics, resulting from either direct or indirect effects of nano-TiO 2 exposure. As observed, this decrease in basal respiration was also coupled with increased proton leak. Proton leak is a factor controlled by both environment (mitochondrial membrane potential and pH) as well as protein constituents of the mitochondrion (14, 47) . What is significant about these findings is that, following normal conditions, increases in basal respiration should coincide with increases in proton leak. But, as indicated in the results, a significant decrease in basal respiration was followed by an increase in proton leak.
Examining the data from the neonatal cardiomyocytes, it becomes evident that basal respiration is restored, depicting that at some point between the fetal and neonatal time point, basal respiration levels in the exposed group recovers, matching those found in the controls. This may be an indication that disturbances of basal respiration in the fetal cardiomyocytes were due to environmental conditions [likely through limitations of substrate availability (5, 55) promoted by nano-TiO 2 interactions with the mother or placenta]. Restoration of substrate supplies, no longer limited by nano-TiO 2 interactions, restored basal respiration to that of controls in the neonatal group, although the neonatal group exhibited a decreased maximal respiration and spare respiratory capacity, with a similar pattern of increased proton leak in the experimental group. We conclude that changes in maximal respiration and spare capacity may reflect persistent effects of nano-TiO 2 exposure, limiting mitochondrial health and function as the animal matures.
Normalization to basal respiration for the young adult group was performed for two reasons: 1) no significant change in basal respiration were observed in the neonatal group; and 2) cell number for adult cardiomyocytes will vary, depending on preparation and time before recording oxygen consumption. After normalizing to basal respiration, as well as maximal respiration and spare capacity, proton leak was seen to be increased in the exposed group over the control. With proton leak increasing over all three time points, unbalancing of the proton motive force, proton shuttling protein dysfunction/ underexpression, and/or increased total reactive oxygen species could all be mechanisms contributing to the process.
To more specifically pinpoint the mechanisms behind changes in the respiration rates of cardiomyocytes from progeny exposed to nano-TiO 2 , ETC complex activities were examined. Complex I, III, IV, and V activities were measured in the young adult group, to determine whether changes in mitochondrial ETC complex activities provide support for the longitudinal, detrimental effects of gestational nano-TiO 2 on energy production. Our data revealed no changes in complex III and complex V (ATP synthase), but strong trends for a decrease in complex I and complex IV, as indicated by an average of 20% decrease in activity for both. Because overall complex expression is not changing, a decrease in ETC complex activities, whether through transcriptional, translational, or posttranslational mechanisms, demonstrates that mitochondrial function, disturbed at both the fetal and neonatal time points, may still have an impact later in life.
Molecular changes at both the mRNA and protein level suggest that alterations in the metabolic profile of the heart become disrupted after gestational nano-TiO 2 exposure, with variations also seen in the epigenetic profile and mitochondrial Fig. 6 . qPCR and Western blot data from fetal and young adult progeny. Fetal heart tissue was analyzed using qPCR for mRNA levels, while young adult cardiomyocytes were evaluated using Western blotting for protein content. Control (n ϭ 5) vs. exposed (n ϭ 5) mRNA fold change levels for uncoupling protein 2 (UCP2; A), peroxisome proliferator-activated receptor-␥ (PPAR-␥; B), and carnitine palmitoyltransferase I (CPT1A; C) are shown. mRNA levels were normalized to GAPDH. Control (n ϭ 4) vs. exposed (n ϭ 4) optical density for pyruvate dehydrogenase (PDH) and pyruvate dehydrogenase E1 ␣-subunit (phospho S293) (PDH p-S29; D), peroxisome proliferator-activated receptor-␣ (PPAR-␣; E), histone 3 lysine 27 trimethylation (H3K27me3; F), and APAF-1 (G) are shown. Blots are organized as follows: sample (top), Ponceau S staining (middle), and GAPDH (bottom). One representative image from both the control (con) and gestational exposed (ex) groups were chosen to display. Values are means Ϯ SE. †P ϭ 0.075-0.055. *P Յ 0.05. **P Յ 0.01. stability. Research suggests that increasing levels of fatty acid oxidation in the heart, with decreasing glucose metabolism, can be indicative of the initial stages of insulin insensitivity, hyperglycemia, and/or heart complications (6, 17, 28) . In this study, PPAR-␣, PPAR-␥, and CPT1A are seen to increase in the experimental group, while PDH, although trending, is reduced; these molecular changes, coupled with the observed diastolic dysfunction, are supportive of the hypothesis that increasing utilization of fatty acids could be coupled to a decrease in diastolic function resulting from an insult (32) . Increases in PPAR-␣ protein expression may also be linked to proton leak and reactive oxygen species (ROS) production.
PPAR-␣ acts as a transcriptional regulator of UCPs by activating expression of the proteins (17, 62) . This study found increasing mRNA levels of UCP2 in gestational nano-TiO 2exposed progeny, together with increased proton leak. Because increasing fatty acid metabolism leads to higher levels of incomplete ␤-oxidation, changes in ATP utilization, and changing initial substrates for the ETC, ROS production is likely to be increased (34, 68) . With an increase in ROS, a greater proton leak could help to ameliorate damaging effects. The molecular data also reveal increasing APAF-1 expression in the experimental group, potentially pointing to decreased cell viability due to changing metabolic profiles. Because BAX and BCL-2 levels were similar between groups (data not shown), APAF-1 may be activated independently of the canonical apoptotic pathway, which has been shown to be possible in certain tissue types (24) .
Limitations/Future Directions
This study focused specifically on the changing bioenergetics of gestational nano-TiO 2 -exposed cardiac tissue and cardiomyocytes, but future experimentation could examine alterations in calcium handling. Data presented in this paper, through molecular markers of metabolism and complex activity, suggest that bioenergetics plays a role in contractile dysfunction and reduced diastolic function, although measures of complex activity are likely underpowered due to variability in progeny birth and cohort sizes. Fluctuations in calcium availability or shuttling may also contribute to some of the phenotype, but would need further exploration. The study was limited by not directly assessing mitochondrial membrane potential and measures of ROS. This study demonstrated that UCP2 could be contributing to proton leak and should indicate a lower mitochondrial membrane potential, but, without direct measures of mitochondrial membrane potential, it is unclear if molecular changes resulted in functional changes, which we acknowledge as a limitation. With changing levels of proton leak, examining ROS production is also important in understanding if proton leak is a compensatory mechanism for preserving function, or a result of mitochondrial disease and dysregulation.
Molecularly, changes in constituents involved in fatty acid metabolism suggest an increase of ␤-oxidation in the gestational nano-TiO 2 -exposed group. To validate these conclusions, analysis of mitochondrial respiration in the presence of fatty acids, instead of glucose metabolites, would have been insightful. Lastly, a more in-depth understanding of epigenetic changes could provide greater insight into how function is regulated in gestational nano-TiO 2 -exposed progeny. This study showed that transcriptional activation marks on histones (H3K4me3) were not changed between groups (data not shown), but global transcriptional repression on histones (H3K27me3) was upregulated in the experimental group, suggesting decreased global gene expression. Further evaluating epigenetic consequences through whole genome bisulfite sequencing or chromatin immunoprecipitation sequencing could greatly enhance our understanding of nano-TiO 2 effects on growing progeny.
Conclusions
In summary, gestational nano-TiO 2 exposure impacts cardiac function of the progeny. Manifestations of cardiac impairment in the maturing adult can be seen functionally through systolic and diastolic abnormalities and cardiomyocyte contractile attenuation. Mechanisms driving these deficiencies were found to include changes in electron transport of the mitochondria, including decreasing basal and maximal respiration, decreases in complex I and IV activities, and increased proton leak. Our study demonstrates that exposure to nano-TiO 2 indirectly, either through translocation across the placental barrier, change of the in utero environment, or through other mechanisms of interaction with the nanomaterial, induces significant cardiac deficiencies in development and adulthood.
This study has begun to define the molecular and physiological health outcomes related to progeny development after maternal ENM exposures, building on previous work that has examined uterine and developing progeny microvascular function (51, 54) . These studies may provide valuable information regarding the effects of ENMs during gestational exposure, but insight into how the progeny heart is adversely affected has yet to be fully elucidated, although it is likely that inflammatory signaling in the placenta could be linked to improper development of the progeny (13, 49) , without even the need for direct translocation of the nanomaterial (50) . The purpose of this paper is to better characterize the effects resulting from changes that can alter the uterine environment, providing insight into the possible mediators involved in nanomaterial exposures. The physiological changes observed in this paper through nano-TiO 2 also begin to raise questions regarding other engineered metal oxides which may share similar physiochemical characteristics and pathologies. Although nanomaterials continue to be a vital part of our industrial society, the effects of prenatal nanomaterial exposure are important to consider as their use continues to increase.
